Legal actions have been launched in different jurisdictions seeking compensation from the tobacco industry for harms done to alleged victims of tobacco-related diseases. If an identified individual launches such an action, that individual has to demonstrate that the tobacco industry shares responsibility for the fact that he or she smoked and that it is more likely than not that smoking caused the disease.
Legal actions have been launched in different jurisdictions seeking compensation from the tobacco industry for harms done to alleged victims of tobacco-related diseases. If an identified individual launches such an action, that individual has to demonstrate that the tobacco industry shares responsibility for the fact that he or she smoked and that it is more likely than not that smoking caused the disease.
As an alternative, a class action may be launched on behalf of an unnamed group of individuals who, collectively, may be claimed to be victims of tobacco-related disease. In this situation, the same components of proof are required. In jurisdictions where there may be thousands or millions of cases of lung cancer, the feasibility of a class action suit is challenged by the requirement to demonstrate that each claimant meets the "more likely than not" criterion.
This project was initiated in response to a request to one of the authors to participate as an expert witness in a class action undertaken in the Province of Quebec, Canada, on behalf of people with tobacco-related diseases. In Quebec, the law allows for plaintiffs to request a "collective recovery" against a defendant. The law states:
The court orders collective recovery if the evidence produced enables the establishment with sufficient accuracy of the total amount of the claims of the members; it then determines the amount owed by the debtor even if the identity of each of the members or the exact amount of their claims is not established. 1 In such a regime, if the court finds for the plaintiffs and orders a collective recovery, it could authorize individuals seeking redress to make their claims against the collective recovery fund, to a court-appointed administrator, through a procedure that would be simpler and less contentious than a court case. The court would stipulate the conditions that a claimant would have to satisfy to secure a share of the collective recovery fund.
We examined the issue of quantifying the number of people on behalf of whom "collective recovery" could be claimed in a class action suit brought by diseased smokers against the tobacco industry.
In this article, we do not deal with the issue of tobacco industry responsibility for smoking behaviors, though a suit would clearly need to address this. Nor do we deal with the algorithm that might be used for disbursing money from the collective recovery fund, though a finding for the plaintiffs would clearly need to address this. Finally, we do not deal with the nature of evidence in a case where the state seeks to recover health care costs from the industry.
METHODS
When an epidemiologist is asked to estimate the number of cases of a given disease that were caused by a given factor in a given population, a typical practice is to compute the attributable fraction in the population, AF p , and apply this fraction to the total number of cases of the illness in the population. We define AF p as excess fraction of the lung cancer rate in the entire target population attributable to the risk factor at issue. We can represent AF p as
where R p = rate in the entire target population, and R u = rate in the hypothetical unexposed subpopulation with the same covariate structure as in the entire target population.
Computational formulae have been developed to estimate AF p based on the causal rate ratio for the association between the exposure and the disease and the prevalence of exposure either in the entire population or among cases of the disease. 2---4 But the AF p , so pertinent in attempts to quantify the public health and financial impacts of a risk factor, is less so in the context of a suit to redress the alleged harms done to individuals. In US jurisprudence, the latter situation is generally associated with the standard of proof that the probability that the risk factor at issue was causal to the individual's disease must be greater than 50% for the court to affirm the Objectives. The plaintiffs' lawyers for a class action suit, which was launched in Quebec on behalf of all patients with lung cancer whose disease was caused by cigarette smoking, asked us to estimate what proportion of lung cancer cases in Quebec, if they hypothetically could be individually evaluated, would satisfy the criterion that it is "more likely than not" that smoking caused the disease.
Methods. The novel methodology we developed is based on the doseresponse relationship between smoking and lung cancer, for which we use the pack-years as a measure of smoking, and the distribution of pack-years of smoking among cases.
Results. We estimated that the amount of smoking required to satisfy the "more likely than not" criterion is between 3 and 11 pack-years. More than 90% of the Quebec cases satisfied even the most conservative of these thresholds.
Conclusions. More than 90% of cases of lung cancer in Quebec are legally attributable to smoking. The methodology enhances the ability to conduct class action suits against the tobacco industry. (Am J Public Health. 2014;104:e60-e66. doi:10.2105/AJPH.2014.302040) plaintiff's claim. 5---10 The probability that the risk factor was causal to the individual's disease is generally referred to as "probability of causation" (PC). The concept of probability of causation has been used in determining compensation for workers who developed radiation-related cancers 5, 11, 12 as well as in other workers' compensation investigations. 13 For a given individual with a disease who had exposure to a given risk factor, and under certain conditions,
where RR denotes the causal rate ratio associated with the risk factor the individual was exposed to, taking into account as far as possible the relevant aspects of the exposure and modifiers of the RR. 13---15 If formula 2 holds, it can be seen that probability of causation is greater than 0.50 when RR is greater than 2.0. Typically, the RR would be estimated from epidemiological studies that quantified the causal association between the risk factor and the disease at issue. The use of formula 2 for estimating probability of causation has been contested. 14, 16---21 Greenland and Robins 18---20 have argued that this formulation of probability of causation assumes that the risk factor acts only to induce the disease among persons in whom it would not otherwise occur, ignoring other possible processes by which a risk factor could contribute to disease occurrence, such as hastening the onset of disease. They further showed that "under commonly used assumptions," formula 2 provides a lower bound for the probability of causation. 16, 19 Dawid et al. 21 have similarly asserted that the equality in formula 2 should be replaced by a greater than or equal to symbol. Notwithstanding its imperfections, we will use formula 2 to estimate probability of causation for a few reasons. First of all, as illustrated by the temporal and geographical variations in lung cancer occurrence, the disease barely exists in populations in which smoking is not practiced, thus providing strong support to the presumption that smoking (predominantly, if not exclusively) serves to induce all-or-none occurrence rather than hastened occurrence of the disease. Second, the RR associated with smoking is so high that most smoking cases are likely to have probability of causation much greater than 0.50, and any modest underestimation of the probability of causation will have little impact on estimating the numbers of individuals who might be eligible for compensation. Third, it has been argued that, notwithstanding the limitations of formula 2, when properly interpreted, it should have a role in adjudicating compensation claims. 15, 22, 23 Fourth, unless and until more valid approaches are developed and adopted by courts, the RR greater than 2 criterion derived from formula 2 continues to be widely used in tort cases. 9, 10 Whereas AF p is a measure that pertains to a population, probability of causation pertains to an individual. For each case of lung cancer in the population, there is a corresponding, particular value of probability of causation that depends on the individual's smoking history. If every case could be presented in court, and if for each one it were possible to estimate the probability of causation, then it would be possible to establish for how many of them the probability of causation exceeds 0.50. But in a class action where there may be thousands or millions of diseased people, there may be no practical means to compute the probability of causation for each individual.
Our mandate was to address the following question: What fraction of lung cancer cases diagnosed in Quebec in 1995 through 2006 would satisfy the criterion of probability of causation greater than 0.50? We refer to this quantity as the "legally attributable fraction in the population," and we designate it LAF p . To better explain the meaning of LAF p we demonstrate how LAF p differs from AF p .
Let N equal the total number of lung cancer cases in the population, and let us consider the division of N into 5 proper subsets. We denote the number of nonsmoking cases as N A ; N B , N C , N D , and N E represent numbers of smoking cases in subsets distinguished on the basis of 2 characteristics: whether they would have occurred irrespective of smoking, and whether the probability of causation is less than or equal to or greater than 0.50. Table 1 defines the 5 subsets.
The excess cases in the population are represented by N D + N E and
The cases who have PC greater than 0.50 are represented by N C + N E and
A graphical illustration of this notion is shown in Appendix A (available as a supplement to this article at http://www.ajph.org).
Estimating the Legally Attributable Fraction in the Population
There are 2 distinct steps in estimating LAF p : (1) based on the dose---response relationship between smoking and lung cancer, estimate the critical amount of smoking, X, that corresponds to the probability of causation of 0.50 or, equivalently, to the RR of 2.0; (2) estimate what fraction of cases of lung cancer in the target population have a history of smoking in the amount that exceeds X. This fraction estimates LAF p .
One overarching constraint on the choice of data sources for these 2 steps is that whatever smoking metric is used for step 1 has to be available for step 2, and vice versa. We chose the pack-years variable, a metric that satisfies this constraint, and that is strongly associated with lung cancer. (See Appendix B for further justification for this choice, available as a supplement to this article at http://www.ajph.org.).
Step I-estimating the critical amount X. There are several conceivable sources of information on the dose---response relationship between pack-years and lung cancer. Dose---response estimates might be available from a local study in the target area or from a published metaanalysis of studies conducted in multiple populations. For reasons given in Appendix B, we recommend using results from an appropriate meta-analysis rather than from any single study. When we were conducting our analysis, we found no meta-analysis of the pack-year---lung cancer association, so we conducted our own. Individual studies typically reported results in categories of pack-years with never smokers as the reference. Estimating the dose---response relationship in the form of a smooth parametric curve requires decisions to be made about several analytic features, including the treatment of results that are reported in categories of pack-years and the functional form of the relationship. For the present purpose, we made the following choices, with justifications shown in Appendix B. In computing the slope for each study, we used the midpoint of the category as the independent variable in the regression analysis. But the top category in each study was open-ended (e.g., > 50 pack-years), which posed a problem of how to represent the smoking variable for that category. We dealt with it by excluding the top open-ended packyear category from each study. Among possible functional forms, we chose both a linear model and a log-linear (sublinear) model.
The models can be expressed as follows:
ð6Þ Log-linear model :
where PY = lifetime cumulative pack-years of smoking, b RR = slope of the linear relationship between PY and RR, and b lnRR = slope of the linear relationship between PY and lnRR. We used both the classic general linear modeling and its modified version, suggested by Greenland and Longnecker, 24 to take account of the correlated estimates of RR from categorical analyses. See Appendix B for detailed explanations of these various choices, as well as for the details of the meta-analyses to estimate slopes. Once a meta-slope, b
, has been determined, the critical point on the pack-year scale at which the RR estimate equals 2.0 can be derived as follows.
For the linear model, by setting RR to 2.0,
For the log-linear model, by setting RR to 2.0,
Step II-Estimating the fraction of cases whose cumulative pack-years exceeds X. Unlike the slope quantifying the dose---response relationship between smoking and cancer, which can generally be presumed to be a fairly invariant in time and place, the distribution of smoking pack-years cannot be presumed to be so. Thus it would generally be necessary to base this step on data collected in the target population during the relevant time period. The method for accomplishing this step depends on the nature of smoking history data available locally.
If the investigator has access to smoking history data from a representative sample of lung cancer cases in the target population, and if these data can be portrayed in pack-years, then it is quite straightforward to estimate the fraction of cases whose smoking history puts them above X, and thus to estimate LAF p . We had access to such a database.
Our team had conducted a case---control study of lung cancer etiology in the metropolitan area of Montreal, which comprises about 35% of the population of the Province of Quebec. The fieldwork was conducted in 1996 through 2000 and involved data collection regarding 1165 patients with lung cancer (735 men and 430 women). 25 The study, aiming to explore associations between lung cancer and a host of occupational and lifestyle factors, included collection of lifetime smoking histories. The main use of this study for the present purpose was to provide data for estimating the distribution of pack-years of smoking among lung cancer cases. We assumed that the case series in this study provided a reasonably valid estimate of smoking distribution for all cases in the target population, Quebec Province. We refer to this study as Montreal Study II to distinguish it from Montreal Study I, 26 a case---control study conducted earlier and included in our metaanalysis, because it satisfied the inclusion criteria outlined in Appendix B. A more challenging problem arises if there is no reliable local set of data on the smoking profile of lung cancer cases, and available data pertain only to the smoking profile of the target population.
A national smoking survey was conducted by Statistics Canada. 27 Each participant was asked a series of questions that allow the estimation of pack-years. We obtained
Two indirect methods for step II. We will outline here 2 indirect methods that can be used, one approximate and very simple (indirect method I), and a second, more exact but more complex (indirect method II).
Indirect method I. Indirect method I requires only estimates of the rate ratio of lung cancer among smokers versus never smokers (RR ever ) and of the distribution of pack-years in the general population. Let P s = proportion of the target population who were ever smokers; and Q s = proportion of lung cancer cases in the target population who were ever smokers.
As RR ever may be presented as follows,
then Q s may be derived from P s and RR ever as follows:
Let P x = proportion of ever smokers in the target population whose smoking history puts them above the critical value X; and Q x = proportion of ever smoking patients with lung cancer whose smoking history puts them above the critical value X.
The proportion of cases with history of smoking such that the number of pack-years of smoking surpassed X can be computed as
P x is readily available by examining the frequency distribution of pack-years in the population survey. A very conservative estimate of Q x can be derived by assuming that the distribution of pack-years is similar among smoking cases as it is among smokers in the general population. Namely,
This is a conservative assumption because it is quite certain that the diseased smokers were, on average, heavier smokers than the nondiseased smokers. Thus, by assuming Q x = P x , we certainly underestimate LAF p .
Indirect method II. Indirect method II is conceptually similar to indirect method I, but instead of using the simple dichotomy of never or ever smoker and the simplifying assumption of formula 12, it uses multicategory smoking distribution and the RR i pertaining to each of those smoking categories. That is, we first take the i smoking categories that are provided by the general population smoking survey. For each category we derive an estimate of the RR i for smokers in that category by using the RR function derived from the meta-analysis of dose---response relationships. Once we have the RR i and the proportion of the general population that falls into each smoking category, we can then configure the problem in such a way as to use formula 10 to deduce the proportion of lung cancer cases that fall into each smoking category. Namely, we can define i subsets of the population, where the i th subset includes never smokers plus all individuals in the i th smoking category. The never smokers are common to all subsets. For instance, if one of the smoking categories is 20 to 25 pack-years, then we can define a subset of the population that includes all never smokers plus all participants with 20 to 25 pack-years. We can then proceed to do an analysis in that subset that is analogous to the binary analysis we did under method I, whereby we deduce the proportion of smokers among cases from the proportion of smokers in the population via formula 10. Such an analysis would lead to an estimate of the proportion of cases who are smokers in the 20 to 25 pack-year category, but with the denominator being the number of cases in this i th subset of the population. If we then want to estimate the proportion of all cases in the population who are in the 20 to 25 pack-year category, we need to calibrate it to the denominator of the cases in the population. Once we have the distribution of smokers among cases in this way, and knowing the RR function, we can estimate what proportion of cases fall into smoking categories that confer RR greater than 2.0. We have described the principles here. The operational algebraic derivation can be found in Appendix D (available as a supplement to this article at http://www.ajph.org). Table 2 shows the slope estimates from the meta-analyses described in Appendix B, based on linear and log-linear models, as well as the corresponding critical values, X, as derived from formulas 7 and 8. Using the linear model, we estimated the meta-slope to be 0.270 (95% confidence interval [CI] = 0.225, 0.314) among men and 0.363 (95% CI = 0.238, 0.487) among women. For men, the 3 point estimates of X were 3.7 PY, 9.0 PY, and 11.2 PY, respectively. For women, the 3 point estimates of X were 2.8 PY, 8.4 PY, and 9.0 PY, respectively.
RESULTS
Many of the meta-estimates involved statistically significant heterogeneity, but the resulting X value under a linear model was below 12 PY even in the study with the lowest slope. Table 3 shows estimates of the prevalence of smoking and the pack-years distribution among lung cancer cases in Montreal Study II and among Quebec residents from the Statistics Canada survey. Because the Statistics Canada survey was based on a representative sample of adults in Quebec, we weighted the age-specific patterns to the age distribution of patients with lung cancer.
The direct information based on the Montreal case series shows that the proportion of cases with history of regular smoking, Q s , was 0.976 for men and 0.931 for women.
Had Q s been unavailable from a case series, then Q s could have been derived from RR ever and P s . As shown in Appendix C (available as a supplement to this article at http://www.ajph. org), for men, the meta-RR ever was 8.8 (95% CI = 7.5, 10.4), whereas for women the meta-RR ever was 7.8 (95% CI = 5.9, 10.3). Based on the Statistics Canada survey, the age-adjusted proportion of ever-smokers in the population, P s , was 0.738 among men and 0.425 among This refers to the method for estimating the slope of each study. The "conventional" method simply takes the midpoint of each category as the value of the independent variable representing the "dose," and the RR for each category as the dependant variable. The G-L approach 24 adjusts for the correlated nature of subcategory estimates. This method assumes a log-linear model. It requires information that was not available in all studies, and thus could not include results from all the studies. d The number of data sets exceeds the number of studies because some studies published results on multiple subpopulations, which we treated as separate data sets for the meta-analysis.
women. Using formula 10, we derived estimates of Q s equal to 0.961 among men and 0.852 among women. The directly and indirectly derived estimates of Q s were almost identical for men, and only slightly discordant for women.
National smoking surveys are usually based on large samples, which entail little statistical variability. In our case, the estimate of P s from the Statistics Canada survey for the population of Quebec older than 45 years was based on a total sample of about 6000 men and 8000 women. With such large sample sizes, the values of Q s corresponding to the lower and upper 95% CIs of the RR ever estimate are very tight indeed: 0.955 to 0.967 for men and 0.813 to 0.884 for women. Such small variability of estimated Q s values will have very little impact on the estimates of LAF p . As a consequence, we will treat the values of Q s derived from the population survey as quasi-constants.
As mentioned previously, indirect method I requires assuming that the pack-year distribution among smoking cases is the same as that among smokers in the general population. Table 3 shows that this assumption is incorrect and that it will indeed lead to underestimation of the LAF p . The extent of underestimation may be deduced from some of our empirical findings, which follow. Table 4 shows estimates of LAF p under 9 scenarios, combining 3 meta-analysis methods for estimating slopes, and 3 methods for estimating the smoking distribution among lung cancer cases. Furthermore, we show possible ranges of these scenario estimates by using the 95% confidence limits of the meta-slope estimates. For men, 7 of the 9 point estimates of LAF p are above 0.90, and 24 of the 27 estimates in the table are above 0.80. The lowest values, as expected, are obtained when we used a log-linear model and when we used the very conservative indirect method I to estimate smoking distribution among lung cancer cases. The values of LAF p are over 0.90 in all the scenarios when we use the smoking information from the Montreal case series because there are very few lung cancer cases with low pack-year amounts (Table 3) . Indirect method II produces higher values of LAF p than indirect method I. Within each scenario, the range of values embodied in the 95% CI for X estimates has very little impact on the range of the LAF p estimates.
For women, the pattern is similar to that for men, though the values of LAF p estimates are about 0.05 to 0.10 lower among women than among men for the same scenarios. Seven of the 9 point estimates of LAF p are above 0.79 and 22 of the 27 estimates in Table 4 The numbers of lung cases attributable and legally attributable to smoking may be estimated by multiplying the numbers of cases in the target population during the time period at issue by the values of AF p and LAF p , respectively. According to data obtained from the government-run Registre des Tumeurs du Québec (e-mail communication, Rabia Louchini, September 13, 2013), for the 12-year period from 1995 to 2006, the average annual number of incident cases of lung cancer was about 3800 in men and 2400 in women. When we combine data for men and women, we estimate that, each year, approximately 5200 cases of lung cancer were attributable to smoking, and approximately 5700 cases would have satisfied the "more likely than not" criterion.
DISCUSSION
In a class action against the tobacco industry, the defense might argue, even if the "general causation" between smoking and lung cancer is acknowledged, plaintiffs must demonstrate, one by one, that each member of the class has a demonstrable specific causal link to smoking. As there are several known causes of lung cancer, and as there is no biological basis for determining whether any given one of them actually was causal to any given individual's cancer, the defense might argue further that only by individually examining each individual's personal history can a court determine whether it is "more likely than not" that the individual's cancer was caused by smoking, and, after all the individual files are evaluated, how many individuals satisfy the criterion of probability of causation greater than 0.50. Although the method we describe in this article does not permit the certain identification of individuals whose cancer was caused by smoking, it allows the estimation of the number of cases that would satisfy the criterion of probability of causation greater than 0.50.
The LAF p is a function of the distribution of probability of causation. Although the estimation of probability of causation by means of formula 2 has been contentious, 14, 16---20 this remains the standard technique and it provides a lower bound for the parameter of interest. 19---22 The real problem with the possible underestimation of probability of causation occurs with risk factors that are associated with much smaller RRs than smoking. In such a situation the underestimation of probability of causation for exposed cases by formula 2 might result in erroneous classification of a substantial fraction of these cases as having probability of causation below 0.50 (even if their true probability of causation may be above 0.50).
Furthermore, when the RR at the highest levels of exposure to some risk factor is less than 2.0, no exposed case would be able to demonstrate that the probability of causation was greater than 0.50, even though some of the exposed cases would not have occurred but for the exposure at issue. For these reasons, it cannot be automatically assumed that the methods outlined in this article would provide approximately valid estimates of LAF p in the case of a risk factor with a much lower RR than that characterizing the smoking---lung cancer association.
To provide options to epidemiologists who might be called upon to present their expert opinion in such tobacco cases, we have shown a variety of methods that could be used under different circumstances. To ensure that the LAF p estimates are not exaggerated, we have systematically adopted conservative assumptions and methods. For instance, in selecting models for the dose---response relationship, we chose linear and sublinear (log-linear) models, though we may just as well have chosen a supralinear model, which gives higher risk estimates than the linear model at low exposure levels, and thus leads to even higher LAF p estimates than the linear model. Similarly, the presentation of indirect method I, despite providing an underestimate of LAF p , is useful because it is simple to implement and can be explained to lay audience. It provides an unequivocal floor to the estimate of LAF p .
It should be noted that it cannot be assumed that LAF p will always be greater or always be smaller than AF p . As shown in Appendix A, the relative magnitudes of the 2 parameters will depend on the location of X, the slope of the dose---response line, and the distribution of pack-years in the population.
Two types of input are needed to implement the estimation of LAF p for smoking: estimates quantifying the association between smoking and lung cancer and data on the distribution of smoking among lung cancer cases in the target population.
Irrespective of the methods and models, and including the wide ranges of 95% confidence intervals, the estimate of the critical amount of smoking required to induce an RR equal to 2.0 was in the range of 2 to 16 pack-years. The seemingly wide variation in critical amount has very little impact on the estimate of LAF p , as relatively few smokers accumulate low amounts of pack-years. Only 3% of lung cancer cases who were smokers in Montreal smoked less than 20 pack-years. Thus, whether we calculate the critical amount X to be 2 packyears or 16 pack-years, it really has only a slight impact on the estimate of LAF p . Irrespective of the methods and smoking data used, the estimated LAF p was greater than 0.80 for men and greater than 0.66 for women. The best estimates of LAF p , based on the smoking profiles of Montreal II case series, The range of X is copied from Table 2. e Case series is from the Montreal II study. Population data come from the Statistics Canada survey.
f Direct: When using case series, we simply compute the proportion of cases whose pack-year total is above X. When using population data, we implement either indirect method I or indirect method II. are greater than 0.96 among men and greater than 0.91 among women. It may appear that our estimates of critical amount of pack-years of exposure represent trivial exposure. This is not so; each pack-year represents about 7300 cigarettes.
In Quebec, where there were about 6200 newly diagnosed cases of lung cancer per year from 1995 to 2006, this translates to a total of about 5700 cases per year that would satisfy the criterion of probability of causation greater than 0.50. For other populations with similar age distributions and smoking profiles as Quebec, we would expect similar values of LAF p . For instance, if we assume a similar smoking profile in the United States as in Quebec, then, of the approximately 225 000 incident cases per year (116 000 men and 109 000 women in 2012), the numbers of legally attributable cases in the United States would be approximately 210 000 per year. j
